This paper describes a study of the role of the mitochondrial m-AAA protease in the maturation of the mitochondrial ribosomal subunit MrpL32. Previous work has shown that substrates of m-AAA can undergo either limited proteolytic processing or complete degradation. The mechanism that allows m-AAA to determine these different fates is currently unknown. The authors report that the integrity of a conserved metal-binding cysteine cluster in the N-terminus of MrpL32 provides a physical block to m-AAA, preventing further degradation and ensuring limited processing. Disruption of this cluster by mutation of the cysteines results in full degradation of MrpL32, and limited proteolysis of these mutants in vitro with proteinase K suggests that improper formation of the cluster destabilizes the protein. Importantly, introduction of amino-acid spacers between the native cleavage site and the cysteine cluster does not affect the molecular weight of the mature protein, suggesting that m-AAA does not recognize a specific sequence element but rather a structural motif. Under oxidative conditions MrpL32 is more readily degraded by m-AAA, again indicating a role of the cysteine cluster and suggesting that MrpL32 degradation may act as a potential sensor of oxidative stress. Finally, the authors show that the mitochondrial targeting sequence of MrpL32 is required for proper folding of the protein, providing a possible rationale for the cleavage of MrpL32 by m-AAA rather than the general mitochondrial processing peptidase.
The manuscript represents a significant contribution to the study of mitochondrial processing and to the wider field of energy-dependent proteases. However, in order to be suitable for publication, the authors should address the following points.
1. The authors conclude that the cysteine cluster is a likely metal binding site but do not show strong evidence, apart from instability of the protein in the presence of EDTA. Details should be given in the Material and Methods section of the metals available in the cell-free expression system. Proteinase K treatment following replacement of specific metal ions after EDTA treatment would provide stronger evidence that metal is required for stability and help support the authors preferred candidate of zinc.
2. Processing of MrpL32 constructs containing inserted linkers of 20 and 40 amino acids suggest that the cleavage site is defined by interaction of the protease with the cysteine cluster, rather than a specific amino-acid sequence. However, evidence for this is based solely on the mobility of the cleavage products on SDS-PAGE. N-terminal sequencing of the cleavage products to identify the exact position of cleavage would provide more compelling evidence.
3. Figure 4B shows a clear band in the two most right-hand lanes that appears to be a second or intermediate cleavage product that could possibly indicate an m+40 fragment. The authors should provide an explanation for the presence of this band, as it would appear to contradict their conclusion.
4. Figure 1A does not clearly show the location of the MrpL32 subunit in the ribosome or the position of the termini and cysteine cluster. Figure 2 should make reference to the presence/absence of trypsin in the reaction to degrade un-imported proteins.
The legend of
Referee #2 (Remarks to the Author):
AAA proteases are residents of the mitochondrial inner membrane that ensure the quality control of proteins that occupy this membrane. The m-AAA protease has also been to shown to act as a processing enzyme mediating the maturation of at least two known substrates in yeast, Ccp1 and MrpL32. How this proteolytic machine regulates its mode of action to ensure processing but prevent further degradation of such substrates remains unclear. In this study, the authors utilized MrpL32 to address this question and suggest that the presequence dependent folding of the ribosomal protein prevents degradation by the m-AAA protease. They also provide evidence that oxidative stress impairs MrpL32 function leading to degradation that is dependent on m-AAA processing. The manuscript builds on the authors' previous work published in Cell that reports on m-AAA acting as the presequence protease (Nolden et al., 2005) .
Major comments:
1. While the data is generally sound, the manuscript appears disjointed in parts and in some cases it is difficult to understand exactly what was performed and why. I would encourage the authors to more clearly state the methodologies, approach and reasoning, and include more precise figure legends.
2. The nature of the folded domain is not clear, nor is the way in which the presequence may assist folding of this domain. Such a mechanistic insight would be important to present. Could the authors determine whether the CxxC-X9-CxxC motif can bind metal ions, or be disulfide bound, by expressing it as a recombinant protein, or using AMS-cross linking approaches with mitochondrial extracts?
3. The authors have utilized a cell free system to monitor protein folding. How can they be sure that the proteins acquire a completely folded state in the first place? I find this approach puzzling since mitochondrial precursors typically generated in this way are utilized for in vitro import assays and must be unfolded (or unfold) in order to translocate. Other proteins in the mix may influence the protease susceptibility of MrpL32 and its mutants. An alternative approach (e.g. using recombinant proteins) would be more appropriate.
4. The authors have not addressed whether the assembly of MrpL32 into ribosomes contributes to the folding state that they report (i.e. through protease protection). It is important that the authors clarify whether the presequence is important for folding or assembly or both. Other comments:
5. Figure 1D : why was delta-yta10 mitochondria included? It should be mentioned in the results section.
6. Figure 2 . Is the trypsin treatment done before or after the 37 degree incubation? This is not specified making the data difficult to interpret. 7. Figure 2 : the authors claim that the decreased levels of MrpL32 variants may reflect increased turnover of the mutant proteins within mitochondria. However, the possibility of an import defect has not been addressed. The mutant precursors should be imported alongside the WT precursor in parallel (equal amounts based on radioactive signal) and the efficiency of import determined. It also remains possible that these precursors aggregate in vitro and hence this is why no maturation is apparent. Import into mitochondria should be confirmed -perhaps by performing detergent solubilization and then adding trypsin.
8. Figure 2 shows MrpL32C107S, however the text refers to MrpL32C117S (pg 7).
9. Figure 2D . It is not clear which experiment is used in the quantification in the bottom panel.
10. I don't quite understand the point of Figure 4A -D. It is not clear to me how the data in this figure suggests that m-AAA protease initiates proteolysis from N-terminal amino acids of MrpL32 before a folded domain of MrpL32 halts further degradation. Also, it is not clear why the levels of the MrpL32-20aa construct is lower in levels and does not complement properly if the m-AAA is still active.
11. The pull downs in Fig. 4E seem very inefficient. Also, why was 1-90 of MrpL32 used instead of the shorter version that contains just the presequence (residues 1-72 or 1-77)? There remains a possibility that more than the presequence is required for m-AAA recognition. Fig. 5 nicely show that the levels of MrpL32 decrease following oxidative stress in an m-AAA dependent manner. However, the reasoning for the oxidative stress experiments should be provided in the results section (rather than discussion) so that the manuscript flows and connects better.
The experiments depicted in
13. Discussion -sentence 4. The authors state that mutation of the cysteine residues induces complete degradation by the m-AAA protease. This clearly is not the case for all mutants as shown in Figure 1D and the sentence should be changed.
Minor:
-Commas are used instead of decimal points -Autoradiography should be written instead of autoradiographie -Page 14 -Line 6, refers to Figure 5C , this should be Figure 5D -Page 15, line 2 -change und to and -Size markers should be included on the side of all gels to improve clarity.
Referee #3 (Remarks to the Author):
The manuscript by Bonn and Langer describes and explains a fascinating new mechanism of protein maturation in mitochondria. The mechanism is described for a particular protein subunit of mitochondrial ribosomes and it will be very interesting to see which other mitochondrial proteins follow the same pathway.
More specifically, the paper shows that MrpL32 requires its mitochondrial presequences for folding. The requirement means that the protein cannot follow the normal processing mechanism by matrix processing peptidase because this would remove the presequences before the protein would have a chance to fold. Instead, processing occurs by a AAA-protease, which degrades the MrpL32 precursor protein sequentially from a protease targeting signal in the presequence. The protease is stopped in its track when it runs into the folded C-terminal domain and the mature protein is then released.
The manuscript also provides some intriguing insights into the mechanism by which oxidative stress affects mitochondrial physiology. The folded domain in MrpL32 contains a Cys motif that seems to be required for tight folding but also makes the protein sensitive to oxidation. Oxygen stress impairs folding of the domain so that the protein is now completely degraded by the protease and translation becomes compromised.
The manuscript is tightly reasoned and easy to follow. The conclusions are well supported by elegant and carefully controlled experiments and, in my opinion, entirely convincing.
I recommend that the following issues be addressed before publication: I could not quite figure out how the graphs in Figure 2 are calibrated. It would be helpful to explain this briefly in the figure caption. By eye, the relative intensities of bands in panel A and B seem quite different from each other while the quantification indicate that they are similar. This issue does not affect the overall conclusions of the figure.
Similarly, I did not understand how protein synthesis is quantified in Figure 5D . In addition the effects of MrpL32 seem small. I recommend that this issue is discussed somewhat more carefully in the paper. Reply to Referee #1: We synthesized MrpL32 using reticulocyte lysate obtained from Promega and, for protease treatment, diluted the reaction in Tris buffer without adding metal ions or reducing agents (as stated in Materials and Methods). We appreciate the suggestion of the reviewer but are concerned that the different affinities of EDTA for different metal ions may influence the outcome of such experiments. To strengthen our conclusion that the cysteine cluster accommodates a metal ion, we have replaced cysteine residues in the CxxC-X9-CxxC motif by histidine residues, which are known to accommodate metal ions in many proteins but cannot form disulfide bridges. The expression of C117H and C104H/C107H mutants of MrpL32 restored completely the growth phenotype caused by the deletion of MRPL32 (new Fig. 3D ). The mutant proteins accumulate in vivo in their mature form at similar levels as wild type MrpL32 (new Fig. 3E ). Together with AMS-cross linking studies ( Fig. S2 ; comment no. 2 of reviewer 2), these results strongly support our hypothesis that the cysteine cluster in MrpL32 serves as a metal binding site.
Processing of MrpL32 constructs containing inserted linkers of 20 and 40 amino acids suggest that the cleavage site is defined by interaction of the protease with the cysteine cluster, rather than a specific amino-acid sequence. However, evidence for this is based solely on the mobility of the cleavage products on SDS-PAGE. N-terminal sequencing of the cleavage products to identify the exact position of cleavage would provide more compelling evidence.
Our import experiments using MrpL32 variants with inserted linkers up to 40 amino acids revealed that these variants are converted into mature forms whose apparent molecular weight is virtually indistinguishable from wild type MrpL32 (within the resolution limit of the SDSPAGE that allows detecting differences of less than five amino acid residues). We agree with the reviewer that these observations do NOT allow identifying the cleaved peptide bond in the MrpL32 precursor. However, the formation of similar-sized mature forms strongly supports our conclusion that the m-AAA protease does not recognize a specific amino acid sequence. Rather, maturation is determined by a structural motif in MrpL32, i.e. folding of the cysteinerich domain.
3. Figure 4B shows ). In view of the limited unfolding activity of AAA proteases, we assume that the N-terminal presequence of MrpL32 is not fully unstructured during import resulting in some cases in the premature stop of m-AAA protease degradation initiated from the N-terminus. We would like to emphasize, however, that the detection of an intermediatesized fragment does not contradict our conclusion. The formation of a mature-sized form despite the insertion of additional 40 amino acids following the cleavage site in wild type MrpL32 cannot be reconciled with a sequence-dependent cleavage mechanism.
Figure 1A does not clearly show the location of the MrpL32 subunit in the ribosome or the position of the termini and cysteine cluster.
We have revised Fig. 1A which now illustrates more clearly the position of MprL32 within the ribosome as well as the position of the cysteine cluster and the termini of MrpL32.
The legend of Figure 2 should make reference to the presence/absence of trypsin in the reaction to degrade un-imported proteins.
We have revised the legend to Fig. 2 and included this information.
Reply to referee #2:
While the data is generally sound, the manuscript appears disjointed in parts and in some cases it is difficult to understand exactly what was performed and why. I would encourage the authors to more clearly state the methodologies, approach and reasoning, and include more precise figure legends.
We have carefully revised the manuscript to improve its clarity. Similarly, we revised the figure legends to describe the experiments in greater detail.
The nature of the folded domain is not clear, nor is the way in which the presequence may assist folding of this domain. Such a mechanistic insight would be important to present. Could the authors determine whether the CxxC-X9-CxxC motif can bind metal ions, or be disulfide bound, by expressing it as a recombinant protein, or using AMS-cross linking approaches with mitochondrial extracts?
As suggested by the reviewer, we performed AMS-crosslinking experiments to monitor the presence of disulfide bonds and examine the redox state of MrpL32 both in cell extracts and in isolated mitochondria. The results demonstrate that the thiol groups of MrpL32 can be modified by AMS (now shown in Fig. S2 ). We therefore conclude that MrpL32 is in a reduced state and does not form disulfide bridges in vivo. Notably, we also show that the thiol groups are oxidized under conditions of oxidative stress.
To provide further support for the binding of metal ions, we replaced cysteine residues within the CxxC-X9-CxxC motif by histidine, which is known to coordinate metal ions but does not form disulfide bridges (see comment 1 of referee #1; new Fig. 3D and E). These variants of MrpL32 are matured normally and are fully functional, consistent with the binding of metal ions to the cysteine cluster. We agree with the reviewer that the mechanism how the presequence assists folding of MrpL32 is intriguing. However, a detailed description of this mechanism would require a comprehensive analysis of the folding pathway and thermodynamic properties of the precursor and mature forms of MrpL32 using purified proteins in vitro, which is difficult to achieve considering the sensitivity or MrpL32 to oxidation and beyond the scope of the present manuscript. We do not want to conclude that folding of in vitro synthesized MrpL32 is complete. Indeed, in vitro folding studies using recombinant proteins would be required to elucidate the mechanism of MrpL32 folding. However, our experimental setup allows us to compare the stability of wild type MrpL32 and mutant variants relative to each other. As identical conditions are used, other proteins that may affect the protease susceptibility of MrpL32 are present at identical concentrations in all experiments.
The authors have utilized a cell

The authors have not addressed whether the assembly of MrpL32 into ribosomes contributes to the folding state that they report (i.e. through protease protection). It is important that the authors clarify whether the presequence is important for folding or assembly or both.
We appreciate the suggestion of the reviewer. To address a potential role of MrpL32 assembly into ribosomes, we have performed import experiments into r0 mitochondria, which lack mtDNA and, consequently, assembled ribosomes. As now shown in Fig. S1 , processing of newly imported MrpL32 proceeds like in wild type mitochondria, demonstrating that assembly of MrpL32 into ribosomes does not contribute to the folding and processing of the protein. Figure 1D : why was delta-yta10 mitochondria included? It should be mentioned in the results section.
5.
We included a lane with delta-yta10 mitochondria in the SDS-PAGE analysis to show the mobility of the precursor form. We stated this now in the figure legend.
Figure 2. Is the trypsin treatment done before or after the 37 degree incubation? This is not specified making the data difficult to interpret.
The protease treatment was done after the chase period to degrade non-imported precursor proteins. This information has now been included in the figure legend.
7. Figure 2: To exclude the possibility of an import defect, we had imported MrpL32 and variants into mitochondria lacking m-AAA protease (shown for MrpL32C104S/C107S in Fig. 2D ). These experiments demonstrated that mutations in MrpL32 do not affect mitochondrial import nor do they cause the aggregation of the precursor proteins prior to import in vitro. Moreover, we examined the protease sensitivity of newly imported precursor and mature forms of MrpL32 after detergent lysis of mitochondrial membranes and found that both forms are protease sensitive, i.e. are not aggregated after completion of import (now shown in Fig. S2 ).
Figure 2 shows MrpL32C107S, however the text refers to MrpL32C117S (pg 7).
We apologize for this mistake and have corrected the text.
Figure 2D. It is not clear which experiment is used in the quantification in the bottom panel.
We have revised the figure legend and indicate the experiment quantified in the lower panel of Fig. 2D . Figure 4A- In the experiments shown in Fig. 4 , we have used MrpL32 variants with 20 or 40 additional amino acid residues inserted after the cleavage site in wild type MrpL32 (shown schematically in Fig. 4A ). The rationale is as follows: if the m-AAA protease recognizes a specific sequence motif, maturation should results in the formation of mature forms of different size. If, however, cleavage occurs largely independent of the amino acid sequence and is determined by a C-terminal folded domain, both MrpL32 variants should be converted in similar-sized mature forms. The experiments shown in Fig. 4B and D demonstrate that the latter is the case, both after import into isolated mitochondria in vitro as well as in vivo. As the N-terminal 90 amino acid residues are sufficient to allow binding to the m-AAA protease, we propose that the m-AAA protease binds first at the N-terminus and degrades MrpL32 from there.
I don't quite understand the point of
We agree with the referee that the complementation of growth deficiencies of Dmrpl32 cells by MrpL3220aa is only partial and also state this in the text. We explain the partial complementation by differences in the sequence of the N-terminal amino acids in mature MrpL32 generated upon import of MrpL32 and MrpL3220aa. As a random sequence of 20 amino acids was inserted ~10 amino acids after the maturation site (in wild type MrpL32) and a similar-sized mature form is generated, cleavage occurs ~20 amino acids C-terminal of the cleavage site in wild type MrpL32, i.e. within the inserted, random sequence. Consequently, mature MrpL32 and MrpL3220aa are of similar size but differ in ~10 amino acid residues at their N-terminus. In view of these differences, we consider it as remarkable that complementation can still be observed. We have revised the text and refer to the sequence differences between mature forms of MrpL32 and MrpL3220aa. Fig. 4E Fig. 4E is indeed low but nevertheless highly specific. We observe an interaction of the m-AAA protease with MrpL32(1-90)-DHFR but not with Su9(1-69)-DHFR. The low efficiency of the coimmunoprecipitation is reminiscent of the interaction of mitochondrial Hsp70 with newly imported preproteins and may reflect limited affinities and/or difficulties to sufficiently decrease ATP-levels in these experiments. We agree with the referee that a contribution of the first eighteen amino acid residues of mature MrpL32 to binding to the m-AAA protease is not excluded by our experiments and use therefore careful wording in the text. Fig. 5 Figure 1D and the sentence should be changed.
The pull downs in
The experiments depicted in
We appreciate the comment of the referee and have changed this sentence in the discussion to avoid misunderstandings. Figure 5C , this should be Figure 5D -Page 15, line 2 -change und to and -Size markers should be included on the side of all gels to improve clarity. We thank the referee for careful reading of our manuscript and have corrected these mistakes. However, we feel that molecular size markers do not provide any additional information in most of the SDS gels.
Minor: -Commas are used instead of decimal points -Autoradiography should be written instead of autoradiographie -Page 14 -Line 6, refers to
Reply to Referee #3:
I could not quite figure out how the graphs in Figure 2 We have clarified this point in the legend to Figure 2 . Similarly, I did not understand how protein synthesis is quantified in Figure 5D . In addition the effects of MrpL32 seem small. I recommend that this issue is discussed somewhat more carefully in the paper. We have added a more precise description of the quantification in the figure legend. We agree with the referee that the effect of the overexpression of MrpL32, albeit statistically significant, is limited, which might be explained by oxidation of the overexpressed protein, and use careful wording when interpreting these results. Many thanks for submitting the revised version of your manuscript EMBOJ-2010-76881R. It has now been seen again by referee 2, whose (brief) comments are enclosed below. As you will see, he/she finds the manuscript substantially improved and is now fully supportive of publication. I am therefore pleased to be able to tell you that we can accept your manuscript to be published here.
Many thanks for choosing EMBOJ for publication of this study, and congratulations on a fine piece
